Abstract. In order to obtain good mechanical properties of ductile cast iron, it is necessary that the highest quantity of the regular graphite spheroids are distributed uniformly in a matrix. The paper presents the method that employs the specific criterial quantity -casting modulus for calculating the carbon equivalent, total carbon content and effective wall thickness of a casting. The effective wall thickness is also adjusted by the correction coefficient χ expressing the influence of the thermo-physical properties of the moulding sand on the solidification time.
INTRODUCTION
The present range of ferrous based materials used for castings the volume of special grades of cast irons increases, when the production of the steel castings decreases permanently. From a long-term point of view, the ductile cast iron, known as the spheroidal graphite iron (SGI), shows sustained steady growth of this production. The graphite takes the shape of nodules due to the conditions of solidification produced by the active elements introduced into the molten metal during its metallurgical treatment. The basic nodulizing element Mg added in amounts from 0.03 -0.06% with traces of Ce, Ca etc… causes the tendency of cast iron to solidify metastably, and therefore, the inoculation has to be done simultaneously or as soon as possible. The aim of inoculation is to form the graphite's nuclei of the supercritical size and promote their growth. To attain good mechanical properties of individual grades of cast iron it is necessary to give increase the regular nodules of the graphite as much as possible and distribute them uniformly throughout the matrix. This depends not only on the chemical composition of the molten metal, but also on the cooling gradients given by the casting section's thickness and the heat conductivity of the mould.
DETERMINATION OF THE CHEMICAL COMPOSITION OF DUCTILE CAST IRON
The effect of the casting's section on the structure and mechanical properties of nonalloyed SGI was examined on casting samples with a step-plate section. The thicknesses of steps were 3, 6, 12, 24, 48, and 96 mm, and their width and length were always six times the corresponding thickness. The meltings were performed in an induction furnaces with the crucible of 100 or 500 kg using the charge based on basic pig iron having an S content of 0.016 -0.020%. The materials of the individual melting had an equivalent carbon content (CE) of 3.9 to 5%, when the C content was in the range of 3 to 4.2% and the Si content from 1.9 to 3.5%. To ensure the reproducibility of the results for the metallurgical processing of molten iron, the base iron was poured simultaneously over the nodulizer and the inoculant in the ladle was used and, for comparison, we apply the in-mould technology. For treatment of the molten iron, the modifier of FeSiMg7 of commercial quality was used in both methods. Apart from the study of mechanical properties, the main criterion was to obtain the structure having the graphite in the shape of regular nodules uniformly distributed in the matrix. Furthermore, the formation of predominantly pearlitic matrix occurred, found throughout the boundary in the development of hard spots, the occurrence of the defect graphite, and size of shrinkage. The experimental results enabled show the dependence between CE and the wall thickness, at which the material of the casting has the highest ductility, strength ranged from 500 to 600 MPa [1] , and the boundaries of hard spots, defected or improper distributed graphite nodules.
Statistical processing of the results indicated a correlation between the thickness of the section and the contents of the total and equivalent carbon, at which the highest ductility and notch toughness are achieved, including the highest nodularity of regular nodules of graphite. The regression analysis of the attained dependences allowed for the construction of semi-empirical equations for the direct calculation of CE and total carbon content C from formulas, which are valid for green moulding in bentonite sands:
In Eq. (1) and (2) the wall thickness of the casting t is in mm and the calculated values of CE and C are in wt. %. Equations are valid for the sections from 3 to 100 mm. The content of silicon can be derived from the known expression [1] used for calculating the CE:
Eq. (3) omits other common minor elements, because their content is usually very low in non-alloyed SGI, and their effect on CE is negligible. In the given case, the content of phosphorus was about 0.05%, content of manganese about 0.4%, and the presence of other carbide promotive elements were strictly limited. From the technological viewpoint, no doubt the content of the residual magnesium is very important. According to [1, 2, 3] , in thin sections, the content of Mg should be closer to the lower boundary, which reduces the demands on inoculation. For heavy sections, it is necessary to apply higher levels of nodularization with an Mg content closer to the upper boundary, which naturally increases the intricacy of inoculation. The reasoning for this attitude was proved from the results of the melting processes, where the Mg content was selected in the range of 0.04 -0.07 wt.%.
EFFECT OF THE CASTING'S SHAPE AND THERMO-PHYSICAL PROPERTIES OF SAND MOULDING ON THE CRYSTALLIZATION OF DUCTILE CAST IRON
The most common method applied for pouring into green bentonite sand moulds, the properties of SGI depend, apart from the pouring method, also on the castings wall section and the procedure of metallurgical treatment of the molten metal. The solidification rate is specified by the thickness of the metal layer x solidified on the mould's wall, which is directly proportional to the square root of solidification time τ expressed in the equation: where k is the coefficient of solidification allowing for the balance between the quantity of heat liberated from the casting transferred into the mould.
Eq. (4) expresses the parabolic dependence of the thickness of the solidified layer on time, when (at time τ 0 ) the final state of solidification of an infinitely large plate having a thickness of t both isosolidi meet in the centre of the plate, where . The given dependence are valid for castings formed by solids, which have a length and width which are at least six times larger than their thickness. At different figures the volume to cooled area ratio changes, which results in changing of cooling rate and also the thermo-dynamic conditions of crystallization. It is known that the castings with various shapes solidify at the same rate, if the values of their volume V to their area A ratio are tallied, i.e. the value of a modulus M is . In an infinitely large plate, the thickness of the solidified layer is numerically equal to the ratio , and we have:
From Eq. (4) and (5), besides the modulus M the coefficient k has an effect on the solidification time τ, which controls the course of solidification. Prior to introducing the computer simulation, for the particular cases, the values of k were determined experimentally. The accurate computation of the coefficient k can be done by solving the differential equations for heat transfer and conduction in the casting and mould using the finite element method. This approach is utilized by software for the simulation of the solidification processes.
From Eq. (5) it follows that in Eq. (1) and (2) 
If there are walls with different thickness or with parts of different moduli M in the casting, our experiments has shown that in order to keep the acceptable ratio between the content of ferrite and pearlite in the slowest and quickest solidifying parts, it is best to select the arithmetic average of CE and C contents computed for the boundary values of the moduli M max and M min of the critical casting's parts [3] according to Eq. (6) and (7):
Eq. (8) and (9) take into consideration that the parts solidifying under different rates can occur in the actual castings, and ensure that the acceptable difference in the structure and the mechanical properties will be kept in the parts with the highest and lowest value of the modulus. Castings having a modulus below 5 mm (thickness ≤ 10 mm) the ratio of the modulus boundary values can be . Mainly in heavy sectioned castings, with a modulus more than 10 mm, the ratio of 4 : 1 causes too great of a difference in the structure and material properties. If it is possible, walls thicker than 50 mm or those having a modulus above 25 mm should be avoided. Generally, in the heavy-sectioned castings it is problematic to achieve nearly optimal structural and mechanical properties due to the very close interval of usable chemical composition. For castings poured from SGI, thin sections (below 10 mm) are favourable because in thinner walls the material always attains a higher strength and also, more importantly, obtain higher values of ductility and toughness compared to thicker walls. In manufacturing of SGI, some deviations of the chemical composition from those determined according to Eq. (1) to (3) and (6) are tolerable, and we can eliminate them by applying more effective inoculation e. g. by a multiple one.
Most production with castings made from graphitic irons, including SGI, are poured into green sand moulds made from moulding sands, where the basic components are silica and bentonite as the binding material. This technology ensures low production costs and satisfactory surface quality and the existence of the condensation zone [3] which eliminates the implications of the dilations caused by non-uniform cooling of the casting, especially by pre-shrinkage expansion. If there are increased requirements on the surface quality or the casting's accuracy the producers apply second generation moulding sands based on a synthetic resin binding system, which make shaking-out the castings from the mould easier. However, they introduce a new factor in the solidification process that changes the thermo-physical conditions of the solidification. 
SCIENTIFIC PROCEEDINGS 2012, Faculty of Mechanical Engineering, STU in Bratislava
Vol. 20, 2012, pp. 22-28, DOI: 10.2478/v10228-012-0004-9
If we assume that the properties of the molten metal, like the intensity of overheating and its physical properties, are constant then the change of the moulding technology can only impact the coefficient of heat accumulation in the mould. The experiments focused on comparing green moulds made from bentonite moulding sand containing about 3.5% of water with moulds made from the resin moulding sand. This combination of the moulding sands is selected because they are mostly used for pouring SGI and can give good reproducibility of the results, which can be promptly implemented in practice. During experiments, the coefficient k was determined experimentally, by measuring with thermocouples, in order to compare the recorded course of solidification with the computed values, the simulation software WinCast is used. After statistical processing of the results obtained from experiments, the value of coefficient k was determined for the given bentonite moulding sand and the casting of shape like cylinder or plate, where k = 0.94 mm.s . According to Eq. (11) the value of the correction factor χ is and the value of the wall thickness is t = 3 mm. When the wall thickness is 2 mm, i.e. modulus of 1 mm, the casting will solidify at an equal rate to casting having a thickness of 3 mm.
When pouring heavy sectioned castings into water-free moulding sands with synthetic resin binder, it is desirable to allow for reduced heat transfer. Assuming for equal overheating of the molten metal and the identical casting, when we substitute the bentonite moulding sand for the water-free resin sand, only the value of the coefficient of heat accumulation of the mould changes from b f(b) to b f(m) . Using Eq. (4), (5) and (10) 
CONCLUSION
Currently, it is good practice to utilize the chemically bonded moulding sand to produce castings from SGI because they can bring significant qualitative benefit at a low raise in production costs. In the case of the heavy sectioned castings (t > 50 mm), the considerably extended time of solidification causes fading of inoculation, and therefore, the inevitable worsening of quality parameters for SGI. Apart from many positive technological characteristics, the obvious benefit of applying water-free moulding sand is the fall in cooling capacity, which shifts the minimal possible thickness of the casting's wall to the range of about 2 mm. 
